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of tightly bound immobile SIA-Re complexes during the long-range migration sub-4 stage at 38K which suppress the SIA-SIA reaction. High-purity W (R=5*10 )
doped with 50-100 appm carbon showed a 20% reduction in the amount of recovery observed for the long-range migration peak at 38K. The substage II peak at V>0K grew at the expense of the 38K peak. This result constitutes evidence for the formation of SIA-carbon atom complexes during the long-range migration peak at V38K. An analysis of the SIA contrast patterns detected in the isochronal anneals indicated that some form of SIA clustering must have occured below 120K 13 + -2 (Stage II). Preliminary high dose (5 - 
10
W ion cm ) experiments also exhibited a suppression of the 38K peak and indicated that more SIA clustering was occuring 12 -2 than in the low dose (5*10 ion cm ) experiments.
I. INTRODUCTION
In Part I it was shown that the volume change of migration (Av.. .) of the Stage I self-interstitial atom (SIA) is <0.02£2 and that the long-range migration peak for the SIA occurs below 45K (the maximum in this peak occurs at (2) ^38K). In addition, the 100K irradiation experiment of Scanlan et al. demon- strated that the early Stage II field ion microscope (FIM) recovery peaks (^45 to 120K) were not higher temperature recovery peaks shifted downward in temperature (T) by a pAv.. . effect [where p is the pressure due to the electric field (E)].
(2) Furthermore, the FIM isochronal annealing experiments of Scanlan et al. and the present work demonstrate that these early Stage II isochronal recovery peaks'
in W involve the motion of some form of the SIA. A number of the isochronal peaks observed by the FIM technique are quite similar to those detected via elec-(3) trical resistivity measurements (see Dausinger et al. for a comparison of the data from the two techniques). Hence, the experiments reported in this paper were aimed at trying to answer the question of whether this SIA migration was an intrinsic or an extrinsic phenomenon or involved both mechanisms.
Detrapping of SIA's from extrinsic impurity atoms has been studied in detail in a number of face-centered cubic (F.C.C.) metals by electrical resistivity measurements. ' ' ' The FIM isochronal warming technique has been employed This model also assumed a uniform initial distribution of SIA's and neglected SIA-SIA cluster reactions. In view of the present work and a little hindsight it is clear that these mathematical assumptions are not strictly valid.
atom effect which was a strong function of the concentration of impurity atoms and only a weak function of the binding energy of the SIA to the impurity atom.
In brief, their analysis predicted that the Stage I long-range migration recovery peak was diminished by the addition of impurity atoms and that there was a flux of SIA's in Stage II which occured when the impurity atoms released the SIA's or the SIA-impurity atom complexes became mobile.
Alternatively there is also evidence for intrinsic phenomena in Stage II. (14) Evidence for SIA cluster growth has been found by Bourret for Ni and by Urban and Seeger for Pb via transmission electron microscopy. Also diffuse x-ray scattering studies have given evidence for SIA cluster growth in both Al and
Cu.
In addition, both Afman and Moser have suggested that there may be additional intrinsic defects present in irradiated B.C.C. metals. They proposed an extended interstitial that resembles a one-dimensional dissociated edge dislocation. From the above brief literature survey one^can see thac born intrinsic and extrinsic mechanisms may be important in explaining the FIM observations in + Stages I and II of W ion irradiated tungsten.
In this paper (Part II of a four part series) the results of a detailed investigation of the effects of impurity atoms in "pure" tungsten, as well astungsten-(rhenium) and tungsten-(carbon) alloys, on the isochronal annealing spectrum of FIM specimens which have been irradiated in-situ with 30keV W ions to a 12 -2 dose of 5*10 ion cm are reported. The essentially identical results obtained 4 from four different purity levels of tungsten (resistivity ratios R of 5*10 , 4 1.5 *10 , 50 and 15) show that SIA-SIA reactions dominated the recovery behavior.
A fifth group of tungsten specimens with R=5 began to exhibit deviations from the spectra obtained for the higher purity tungsten specimens and the effects of impurity atoms became even more pronounced in the tungsten-(carbon) and tungsten-(rhenium) alloys. These results provide further proof that the distribution of SIA's around the depleted zones created by the 30keV W ions was such that the SIA-SIA reaction was favored in the "pure" tungsten specimens (R^15)and that for R=5 the SIAimpurity atom reaction began to become important. The recovery behavior of the carbon doped tungsten and tungsten-(rhenium) alloys demonstrates that both SIAcarbon atom and SIA-rhenium atom complexes are stable in tungsten. Additional
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-2 direct evidence was presented for SIA clustering from high dose (5*10 ion cm ) experiments where both isochronal annealing and post-anneal field evaporation
experiments were employed to demonstrate the existence of SIA clusters.
ADDITIONAL EXPERIMENTAL DETAILS

Preparation of FIM tips
For the polycrystalline specimens employed in these studies the ac dipping method was employed to make an FIM specimen. The dc drop-off technique used for the single crystal specimens has been described in Part I. In the ac dipping method a 0.1mm diameter wire was immersed vertically"to a depth of 3mm" in a IN NaOH aqueous solution and a 4 to 5Vac potential was applied between the wire specimen and a stainless steel electrode. The wire quickly developed a tapered tip and the electropolishing was terminated when ^2mm of metal had been removed from its end. A specimen produced by the-ac dipping technique usuallyimaged at 3 to 4kV in the FIM. This method produced good specimens from polycrystalline drawn wires, but met with only minimal success for the zone-refined single crystals. Possibly, some preferential crystallographic etching hampered tip development in the case of the single crystals.
Preparation of tungsten-carbon alloys
Both four-pass zone-refined and Westinghouse annealed tungsten wire * were doped with carbon by a quenching technique similar to the one described by
Carbon is an interstitial impurity atom in tungsten with an extremely small solid solubility in tungsten. The solubility of carbon in tungsten is believed to be £0.5 at.% at 2475°C.< The single crystal tungsten specimen which was quenched was first electropolished to a diameter of 0.2mm; next, it was suspended vertically -4 in a vacuum chamber which was backfilled to a partial pressure of 1*10 torr methane. The electrical and thermal contacts to the specimen were made by clamping the specimen at its top end and immersing the bottom end in a liquid ternary eutectic of gallium, indium and tin which has a melting point of 10°C (United Mineral and Chemical Corp., alloy UG-1). The specimen was resistively heated to 1500°C for a period of 4h and then radiation quenched. An annealed Westinghouse tungsten wire of 0.125mm diameter was quenched in a similar manner after being equilibrated for 4h at 2000°C in 10~ torr methane.
In the case of the four-pass zone-refined tungsten specimen the value of R was -250 after the quench. The only available value for the resistivity of a C atom in solid solution in W is 3.85*10 ficm(at.%) , thus, on the basis of this number the single crystal contained VjOappm carbon. The C concentration in solid solution in the polycrystalline wire could not be established quantitatively.
*
The wire was quenched from a higher temperature at a faster quenching rate than the single crystal, but the grain boundaries in the wire specimen certainly served ** as a good internal sink for the rapidly diffusing-C • atoms." The end result was that the polycrystalline wire exhibited extreme brittleness after this C doping treatment.
MATERIALS EMPLOYED
A total of five different purity levels of pure tungsten were investigated; they were: 4 (1) Four-pass zone-refined single crystals (R=5*10 ),
The quenching rate of a wire due to radiation cooling is inversely proportional to its diameter. , the-inert'gas fusion'technique for C), but again there was no determination of the location of the impurity element.
The second measurement of specimen purity is the resistivity ratio R rn .
.,** (1) [K=p 2 __ /p, _ J which has also been used in Part I. ponds to at most a few appm of impurity atoms, while R^5 corresponds to an impurity atom concentration of £l0 appm (based on 1*10 flcm(at.%) as the specific resistivity of an impurity atom). It is clear from a comparison of Tables 1 and 2 that the chemical analyses and R data are not in agreement. This is indicative of the fact that the concentration of impurity atoms in solid solution must have been quite different from the total impurity atom concentration in each specimen. The two W-(Re) alloys studied contained 0.5 and 3at.% Re respectively. The results of the SSMS of these two alloys are also given in Table 1 . The R values for the W-(Re) alloys are shown in Table 2 and it is seen that these values are consistent with our interpretation that R=5'10 corresponds to M.0 at.fr. impurities and R^5 corres-4 ponds to 'VLO appm impurities. The histograms exhibited in this section were constructed from the superposition of several runs, with a maximum of three irradiations performed on each tip. From 100 to 1000A of metal was removed between each irradiation to increase the bluntness of the tip. In order to ascertain the effect of re-irradiating a given specimen two runs were made on the same crystal with only 5A removed between the irradiations. No large changes were found in the isochronal annealing spectra indicating that the depleted-zone distribution and density did not pl^y a major role in the observed recovery behavior after a standard dose of 5*10 W+ ion cm -2 (for the effect of dose se Section 4.6). Table 3 summarizes the relevant data for all the isochronal anneals performed.
120K for specimens which were irradiated with 30keV W ions at 18K in the absence of E. These four different grades of W displayed remarkably similar annealing spectra. The 38K long-range migration peak was the dominant feature in all four cases. Three distinct recovery peaks were found at ^50, 60 and 80K and an illdefined tail which might contain additional peaks at 95 and 110K was also observed.
The peaks were spaced closely enough so that there was considerable overlap. In order to obtain a more accurate, picture of the amount of recovery per peak the results were re-analyzed with a 15K increment; each increment was centered about a recovery peak. Figure 4 shows the percent of recovery per 15K
interval as a function of T. Note that only the Stage I long-migration peak at -38K and the Stage II peaks at 50, 65 and 80K are shown. This plot demonstrates the uniformity of the recovery, in these four different grades of tungsten. The quantity R was varied from 5*10 to 15 yet only minor variations were seen in the FIM isochronal recovery spectra.
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The fifth grade of tungsten studied was Westinghouse wire in the asreceived state (R=5). The isochronal spectrum (see Fig. 5 ) lacked the sharp peak structure found in the purer specimens, but the dominant 38K-peak was still present. 4 Hence, the value of R for pure tungsten was varied by a factor of 10 and the annealing spectrum was just beginning to show some changes. These experiments, in conjunction with the isochronal recovery experiments on the W-(Re) and W-(C) alloys described in Sections 4.3 and 4.4, lead us to the conclusion that for the unalloyed tungsten specimens the SIA's only interacted weakly with the impurity atoms in the FIM tips and that SIA-SIA interactions dominated the recovery behavior.
This situation was a result of the distribution of SIA's, around the depleted zones created by the 30keV W ions. The heavy metal ion irradiation produced an initial * The scatter in the data taken from different runs with slightly different warming rates and tip radii also contributed to the broadening of these peaks. In order to study the experimental width of the Stage I long-range migration peak the data for the 38K peak of the annealed Westinghouse tungsten specimens were analyzed employing a 2K temperature interval. This particular type of specimen was chosen for the analysis because all the data were obtained from three difo ferent irradiations on the same specimen. The tip radius varied by only 20A (see Table 3 ) between the first and the last irradiation. The possible broadening effect due to the superposition of different runs on tips of different radii was thereby minimized. Since the 38K and 50K peaks tended to overlap the termination of the long-range migration peak could not be determined unambiguously; hence, it was set at 42K. The 74 SIA events detected below 42K in the spectrum of the annealed Westinghouse tungsten are displayed in Fig. 6 . Superimposed.on this peak is the . . where r=ir D.. Ah /R ak, R is the tip radius and a is the isochronal warming rate.
Any variation in R or a would tend to shift T slightly from run-to-run. Because of the peak broadening introduced by the superposition of several runs it was felt that a 5K temperature interval was sufficient to display the main features of the annealing spectra. Only in the case just discussed did the 2K interval provide additional information.
The isochronal annealing spectra of tungsten-rhenium alloys
The five grades of W used for the studies presented in Section 4.1 each contained less than lOappm Re (see Table 1 ). The isochronal annealing spec- In the case of the W-0.5at.% Re alloy the long-range migration peak temperature was between 30 and 35K instead of at 38K as in the case of the undoped W specimens. This shift is easily explained if one considers that only the SIA's close to the surface could reach the surface without being trapped by Re atoms.
The analytical treatment of Scanlan et al. predicted that the width at half-maximum is given by VT /10. The isochronal annealing spectrum of the Westinghouse W doped with C ( Fig. 9) This suppression of the SIA long-range migration recovery peak has also been observed for a number of f.c.c. cubic alloys (e.g., see Sosin and Neelyv 2^) , Sosin^' and Schilling et al. ( 29 )).
also showed this increase of the substage II peak at the expense of the longrange migration peak. Figure 10 shows the data from these two spectra re-analyzed with a 15K temperature interval. A comparison of these spectra with the spectra for undoped W summarized in Fig. 4 makes it obvious that the introduction of C into solid solution has changed the recovery behavior of W. Quantitatively we can state that the 38K peak was diminished by ^20% when the C level in the 4 four-pass zone-refined W (R=5-10 ) was increased by a factor of ^200 over its concentration in the undoped single crystals. This experiment also provides direct evidence for the formation of SIA-carbon atom complexes during the long-range migration peak and in this case the subsequent release of the SIA's from the complexes at ^50K.
SIA contrast patterns detected during isochronal anneals
The primary contrast pattern produced by the flux of SIA's during the isochronal warming experiments, was a single extra atom spot. This contrast pattern has also been referred to as an extra "bright" spot by a number of authors. ** Multiple spot contrast patterns were considered as single SIA events in the construction of the isochronal annealing histograms, hence the use of the term defects in labeling the ordinates.
The single-spot contrast effect could have arisen from an atom on the surface (an adatom created by the total relaxation of an SIA at the surface) or by a surface or a subsurface atom that was displaced upward as a result of an SIA (31) lying several atomic layers below the specimen's surface (Seidman and Lie ). terraces. On the experimental side it is extremely difficult to distinguish between these two mechanisms. The single-spot contrast effect resembles the (32) contrast effect due to adatoms that had been vapor deposited onto an FIM specimen and also to the last atom on a plane that had been pulse field evapor-
ated ; but this visual similarity of the contrast effects was not enough to make a distinction between the two mechanisms. While the single-spot contrast effect has been assumed to be the result of a single SIA at or near the surface the double-spot contrast pattern may have had two distinct origins. First, the <\3l ^ contrast model of Seidman and Lie" ' predicted that for certain orientations the <110> split SIA can produce a double-spot contrast effect at the surface; this model requires that the SIA retains its identity as a subsurface defect. Second, the double-spot contrast pattern could indicate the arrival of a di-SIA complex at the surface. Figure 13 exhibits the fraction-of defects per 5K temperature interval as function of T for only the double-spot contrast effects found in the isochronal anneals of all five grades of undoped tungsten. It can be seen that the double-spot contrast effects occurred over the entire range of T in which singlespot contrast effects were observed. The coexistence of single and double-spot contrast effects in the 38K long-range migration peak tends to indicate that both contrast effects had the same origin (i.e., the.single SIA). Therefore, a reasonable conclusion is that at least some of the SIA contrast effects were caused by the strain field of a subsurface SIA. Whether this mechanism was the only one that was operative cannot be ascertained at present. Contrast patterns with three or more spots (see the pairs of micrographs E and F and G and H in Fig. 12 ) were much larger than the predicted strain (31) field contrast effect patterns of Seidman and Lie for the single SIA. While these events were only a small portion (^2%) of the total number of defects, their appearance indicated that some form of SIA.clustering must have occured within the FIM specimen during the isochronal anneals. Because of the small number of multiple contrast patterns it was not clear if their migration was possibly assisted by a large negative |p|Av. effect; where Av. is the volume change of migration of the SIA cluster. With respect to the latter point the 100K irradiation exper-(2) iment of Scanlan et al. showed that the single-spot peak structure observed below 100K in the isochronal anneals was not assisted by the electric field.
Their experiment did not rule out a pAv. effect for the SIA clusters. In fact,
1C
the three SIA events detected in the isochronal recovery below T.=100K were multiple-spot contrast effects. ' '" " "
The 50K irradiations described in Part I showed an increase in all forms of multiple-spot contrast patterns over the 18K irradiations. Double-spot contrast patterns constituted 10.60%,triple 6.38% and 5.3]?% larger clusters (greater than triple-spot contrast patterns) .were observed. The major implication of this result.
is that clustering must have occured primarily between SIA's which were ejected from a single depleted zone; since, in the case of the 50K irradiations the SIA's were highly mobile and hence able to reach an internal sink or the surface before the next depleted zone was created. This conclusion is reasonable because the local SIA concentration in the immediate vicinity of a newly created depleted -3 * zone was estimated to be 'VLO at.fr. or greater for the case of an 18K irradiation. This concentration is calculated by assuming that VL0 SIA are contained within a sphere of VL00A radius (Beavan et al.( 2°' ) around each depleted zone.
In the case of the 50K irradiations it is possible to have even a higher local (34) SIA concentration since the mean range of an RCS is temperature dependent , and hence the SIA's may be confined to an even smaller volume of metal than in the case of the 18K irradiation. A high local concentration of SIA's implies a small number of jumps for one SIA to reach another SIA, and hence there is a high probability of SIA cluster formation. It is clear that if the concentration of SIA's was assumed to be uniform throughout the volume of the FIM specimen then the probability of SIA cluster formation would be strongly reduced.
The dose dependence of the isochronal annealing spectrum
A few preliminary experiments were conducted to determine the dose dependence of the isochronal annealing spectrum. Three runs were made on Westinghouse annealed tungsten polycrystalline wire irradiated at 18K to a dose of 13 + -2 5*10 W ions cm . This dose was a factor of ten greater than the standard irradiation" dose. Figure It exniDits the isochronal recovery spectrum. The long-range SIA migration peak at ^38K has diminished in size, while the substage II peak at ^50K has grown. In addition, the SIA flux out of the tip was extremely anisotropic. Almost no recovery was observed on the half of the tip exposed to the ion beam. This phenomenon was most likely caused by internal SIA recovery at depleted zones or by the formation of immobile SIA clusters. Five of the 62 SIA events (or 8%) in the isochronal anneals were multiple contrast patterns with more than three spots. This fact indicates that extensive SIA clustering had indeed occurred in Stage I. Furthermore, this decrease in the amount of recovery of the SIA long-range migration peak in Stage I with increasing dose has also been found for the long-range migration peak in a number of pure f.c.c. metals irradiated with fast neutrons (lMeV), a-particles (5MeV), and electrons (3MeV) (e.g., see
Figs. 32 and 33 in Schilling et al. for data on Cu and Al). Thus, this dosedependence experiment is also consistent with the long-range migration peak being at ^38^
A postanneal peel was performed on an MRC wire that had been irradiated
+ • 2 to 510
W ion cm at 18K, annealed to 120K, and then recooled to 18K. The remnants of numerous depleted zones were found on the beam side of the tip. This particular specimen was a bicrystal, with a grain boundary running almost parallel to the beam direction. Three defects with large strain fields were found among 66,500 atomic sites examined in the (111) region on the beam side (crystal I).
The (111) 
Control experiments
Six control runs were made during the course of the isochronal annealing experiments. Three of the specimens were simply annealed from 18 to 120K without being irradiated, while the other three specimens had been irradiated but had flashed during the post-irradiation peel prior to the isochronal anneal.
One contrast pattern similar to an SIA was observed in the first control run on an unirradiated specimen. No SIA contrasts were observed in any of the subsequent control runs. This single contrast effect in these controls may have been caused by a gas impurity atom that had been adsorbed on the surface.
The high electric field required for field ionization of helium kept impurity (35) adsorption to a minimum.
In one of the control runs, the specimen was exposed to the ion accelerator (at M.0 torr argon gauge pressure) though the differential pumping system for VJ0 minutes. No SIA contrast effects were observed in the subsequent-<_Giit_jLol anneal from 18 Lu 120K. If thes>e six specimens had been irradiated ** at 18K and annealed normally there would have been ^150 SIA events detected.
Therefore an upper maximum to the gas impurity contamination effect was $0.7%
for the isochronal anneals. This background is insignificant with respect to the . SIA flux observed in the isochronal anneals reported.
MAJOR EXPERIMENTAL RESULTS
The principle experimental results are summarized as follows: 4 (1) The low temperature isochronal annealing spectrum of pure tungsten (R=5*10 ), + 12 -2 irradiated in-situ with 30keV W ions to a standard dose of 5*10 cm at 18K was Flashing is a common mode of tip failure whereby a shell of material is expelled from the surface. The tip is still imagable at a higher voltage, but the SIA's have been swept out (see Wilkes et al.(^6) an( j Lobergw7) f or m ore details on tip failure). ** + 12 -2 This number was calculated for 30keV W ions for a dose of 5*10 ions cm assuming approximately one observable SIA per incident ion. This number is borne out by our experimental results.
shown to consist of a series of distinct recovery peaks at V38, 50, 65 and 80K with a small amount of additional recovery observed up to 120K. We had previously identified the 38K peak as the SIA long-range migration substage. The remaining peaks were classified as substages of Stage II. Thus, Stage II of irradiated tungsten begins at ^45K and not at VL00K as had been suggested by earlier investigators.
(2) The isochronal annealing spectrum of pure tungsten observed by FIM between 4 18 and 120K was insensitive to R for values between 15 and 5'10 . Specimens with R^S began to show some deviation from the standard spectrum. This result indicates that the distribution of SIA's produced by the 30keV W ion irradiations in the FIM tips was such that the SIA's only interacted weakly with the impurity atoms and that the SIA-SIA reaction dominated the recovery behavior.
(3) The isochronal peak width at half-maximum for the 38K long-range SIA migration peak in pure tungsten was shown to be approximately equal" to* the va'lue'predicted (2) by an analytical expression developed by Scanlan et al. based on a single thermally-activated diffusion model. The Stage II peaks also obeyed this diffusion model prediction.
(4) The isochronal annealing spectra for tungsten-0.5 at.% and 3 at.% rhenium-.
alloys were radically different from the isochronal recovery spectra of pure tungsten. For both tungsten-(rhenium) alloys the amount of recovery for the longrange migration peak at ^38K was suppressed and in the case of the 3 at.% Re alloy it was almost eliminated. This result constitutes strong evidence for the formation of immobile tightly bound SIA-rhenium complexes during the long-range migration substage at 38K which suppress the SIA-SIA reaction.
(5) Tungsten doped with V50-100 appm carbon showed a 20% reduction in the amount of recovery observed for the long-range migration peak at 38K in undoped tungsten.
The substage II. peak at ^50K grew at the expense of the 38K peak. This result constitutes evidence for the formation of SIA-carbon atom complexes during the long-range migration peak at VJ8K. In this case the concentration of carbon was not large enough to completely suppress the SIA-SIA reaction.
(6) The SIA contrast patterns detected in the isochronal anneals consisted primarily of single extra spots. However, the small number of large multiple spots indicated that some form of SIA clustering must have occurred below 120K in Stage II during the isochronal anneal. The increase of multiple-spot contrast patterns in the isochronal anneals following a 50K irradiation can be understood in terms of a decreased focused collision replacement sequence range which lead to a higher local concentration of SIA's in the vicinity of each depleted zone and hence a greater concentration of SIA-SIA clusters.
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-2 (7) Preliminary high dose (5*10 ion cm ) experiments also exhibited a suppression of the 38K peak and indicated that more SIA clustering was occurring than in 12 -2 the low dose (5*10 ion cm ) experiments. The evidence for SIA clustering came from both the isochronal annealing experiment-and a post-anneal pulse..field evaporation; although an exact cluster size determination was not possible. The letter A,B and C on the specimen numbers mean that that specimen was re-irradiated (e.g., specimen 2B implies that this was the second irradiation for specimen number 2). A 15K temperature interval was employed; only the data below 87K is included in this analysis. In all four cases the micrographs recorded before and after the appearance of the SIA were taken 2.0 sec apart, which corresponds to a temperature interval of M3.08K. 
